Due to the remarkable physical and mechanical properties of individual, perfect carbon nanotubes (CNTs), they are considered to be one of the most promising new reinforcements for structural composites. Their impressive electrical and thermal properties also suggest opportunities for multifunctional applications. In the context of inorganic matrix composites, researchers have particularly focussed on CNTs as toughening elements to overcome the intrinsic brittleness of the ceramic or glass material. Although there are now a number of studies published in the literature, these inorganic systems have received much less attention than CNT/polymer matrix composites. This paper reviews the current status of the research and development of CNT-loaded ceramic matrix composite materials. It includes a summary of the key issues related to the optimisation of CNT-based composites, with particular reference to brittle matrices and provides an overview of the processing techniques developed to 2 optimise dispersion quality, interfaces and density. The properties of the various composite systems are discussed, with an emphasis on toughness; a comprehensive comparative summary is provided, together with a discussion of the possible toughening mechanism that may operate. Lastly, a range of potential applications are discussed, concluding with a discussion of the scope for future developments in the field.
Introduction
Ceramic matrix composites (CMCs) have been developed to overcome the intrinsic brittleness and lack or mechanical reliability of monolithic ceramics, which are otherwise attractive for their high stiffness and strength 1 . The issue is particularly acute with glasses, as the amorphous structure does not provide any obstacle to crack propagation and the fracture toughness is very low (<1MPa.m 1/2 ) 2 . In addition to mechanical effects, the reinforcing phase ,may benefit other properties such as electrical conductivity, thermal expansion coefficient, hardness and thermal shock resistance 1, 3 .
The combination of these characteristics with intrinsic advantages of ceramic materials such as high-temperature stability, high corrosion resistance, light weight and electrical insulation, makes CMCs very attractive functional and structural materials for a variety of applications; they have particular relevance under harsh conditions where other materials (e.g. metallic alloys) cannot be used [4] [5] [6] .
A wide range of reinforcing fibres have been explored, including those based on SiC, carbon, alumina and mullite [7] [8] [9] . However, carbon fibres are amongst the highest performance toughening elements investigated, since the first reports of their use in ceramic matrices were published in the late 1960s 10 . The fracture toughness of carbon and SiC fibre reinforced glass and ceramic matrix composites can be much better than the native matrix, as demonstrated by a wealth of available data in the literature 4-6, 10, 11 (e.g. 17MPa.m 1/2 for SiC fibre reinforced glass-ceramic composites 5 ). Various toughening mechanisms can be involved, including fibre debonding, fibre pull-out, and crack bridging 11 .
Carbon nanotubes (CNTs) have received an enormous degree of attention in recent years, and, in the context of composites, they are often seen as the 'next generation' of carbon fibre. Although their remarkable properties have suggested applications as diverse as tissue scaffolds, field emission guns, and supercapacitor electrodes 12 , the interest in composite materials is driven by both the mechanical and functional properties that can be obtained at very low density (typically in the range 1.5-2.0 gcm -3 ). For individual perfect CNTs, the axial stiffness has been shown to match that of the best carbon fibres (approaching around 1 TPa), whilst the strength is an order of magnitude higher (around 50 GPa) 13 . Their electronic properties depend subtly on the exact structure but larger CNTs are essentially metallic conductors 14 ; smaller CNTs can offer unique optoelectronic properties, useful, for example, in non-linear optics 15 .
Ballistic electron transport effects can be related to uniquely high current carrying capacity (up to 10 9 Acm -2 ) whilst the axial thermal conductivity is higher than that of diamond (>2000 Wm -1 K -1 ) 16 . It is worth noting that surface areas of CNTs can be very high since, in the absence of agglomeration, with every atom of a single walled nanotube lies on its surface; however, this factor can be a mixed blessing when considering composite applications, as discussed further below.
One other significant characteristic of CNTs is their very high aspect (length to diameter) ratio which is relevant to load transfer with the matrix and, hence, effective reinforcement. Standard continuous-fibre composites have excellent anisotropic structural properties combined with low density, but are expensive to process and are limited to simple shapes 3 . Short-fibre composites, on the other hand, are easier to produce in complex shapes but with conventional fibres, the aspect ratio is typically limited to around 100, after processing 17 . In principle, the small absolute length of CNTs, combined with their resilience in bending, allows them to be manipulated with conventional processing equipment, potentially retaining their high aspect ratio; 5 however, in practice, length degradation is known to occur under high shear conditions.
The high aspect ratio of CNTs can also encourage the formation of percolating networks that are relevant to functional properties, particularly electrical conductivity 18 ; indeed the lowest percolation threshold for any system has been observed in kinetically-formed networks of CNTs in epoxy 19 .
Structurally, CNTs have diameters in the range of around 1 nm to a somewhat arbitrary upper limit of 50 nm, and lengths of many microns (even centimetres in special cases) 20 . They can consist of one or more concentric graphitic cylinders, Although the perfect CNT structure is very appealing, real materials are very diverse and vary significantly in terms of dimensions, purity, surface chemistry, crystallinity, graphitic orientation, degree of entanglement, and cost. These factors directly affect the properties and processability of CNTs and they must be considered when interpreting their performance in a given application. In very broad terms, CNTs can be divided into two classes depending on the synthetic route used to prepare them.
High-temperature evaporation methods, using arc-discharge 21, 22 25 ; a number of companies have scaled up such processes to 100 tonnes per year or more. CVD materials contain residual catalyst particles, and sometimes amorphous carbon, but are otherwise relatively pure. On the other hand, these gas-phase processes operate at lower temperatures and lead to structurally imperfect nanotubes, often with seriously reduced intrinsic properties 26 . It is worth noting that there are currently around four orders of magnitude between the most expensive and cheapest commercial nanotube products.
Over the last ten years, interest in the application of carbon nanotubes of superior mechanical properties as toughening agents in polymer, ceramic or metal matrix composites has grown rapidly. The potential of developing advanced nanocomposites that manifest, to some degree, the extraordinary properties of individual CNTs is very attractive in fields as diverse as aerospace, sports equipment, or biomedical devices 27, 28 . The vast majority of CNT composite work has focused on polymer matrices 29 , whilst comparatively few investigations have explored inorganic (ceramic or glass) matrices and the potential toughening mechanisms that might be associated with CNT reinforcements. For successful CNT/composite development, a number of key challenges must be met 30 . Firstly, CNTs with intrinsically good mechanical properties must be obtained in reasonable quantity at acceptable cost. The
CNTs must then be processed in such a way as to ensure that a homogeneous dispersion is obtained within the matrix, whilst developing an appropriate degree of interfacial bonding. These overall requirements are common to all CNT composites, and often involve chemical surface modification of the CNTs 31 . Of course, in the case of inorganic matrix composites, an 'appropriate' interface may be defined differently 1 . In addition, obtaining a high degree of inorganic matrix densification, without damaging the CNTs, is especially challenging. The following sections address the key issues currently raised in CNT-based composites, in general, and discuss the importance of these crucial factors for successful development of ceramic and glass matrix composites containing CNTs.
Key issues in CNT-based composites

CNT dispersion in the matrix
One of the biggest challenges in processing nanotube composites lies in achieving a 'good' dispersion 32 . It is important that the individual nanotubes are distributed uniformly throughout the matrix and well-separated from each other; the presence of agglomerates is extremely undesirable, especially in ceramic matrices, as they can act as defects leading to stress-concentration, and premature failure, particularly if the matrix does not fully penetrate the agglomerate during processing. On the other hand, with a good dispersion, each nanotube is loaded individually over a maximum interfacial area, and can contribute directly to the mechanical properties and to toughening mechanisms. Figure 1 (a) 33 and 1 (b) 34 show typical microstructures of 8 agglomerated and homogeneous CNT/glass matrix composites, respectively, developed as model system. CNTs have a tendency to agglomerate due to their relatively high surface areas, their high aspect ratios, and typically poor interactions with solvents or matrix components 35 . SWCNTs, in particular, tend to agglomerate into 'ropes' or 'bundles', consisting of many parallel nanotubes bound by van der Waals forces. High loading fractions favour agglomeration not only because the particles come into contact more often, but also because there can be a shortage of matrix material to 'wet out' the large surface area of the filler. It is quite a common result for nanocomposites, in general, that properties are enhanced at low loading fractions but cannot be increased further due to CNT agglomeration above a few vol.%. The situation is more ambiguous when addressing transport properties, especially electrical conductivity, as a network of touching nanotubes is desired. However, even in this case, best results may be obtained by generating a good dispersion initially, and then allowing the network to form 19, 36 .
A particular practical problem is that the dispersion of high aspect ratio, nanoscale objects is very hard to quantify objectively. Characterisation usually consists of a qualitative assessment of a fracture surface studied under scanning electron microscopy (e.g. Figure 1 (a) ). This approach is quite successful for discovering dense in order to add stability in a given solvent or to improve compatibility with a given matrix (precursor). Alternatives to the basic disperse-and-mix strategy include synthesising CNTs on the surface of ceramic particles or within pre-defined pores (see section 3.1), and electrophoretically driven deposition (see section 3.5).
Interface engineering
In the light of the experience with conventional fibre composites, it is clear that the interfacial bonding between the CNTs and the inorganic matrix will be crucial.
However, the consequences of reducing the reinforcing fibres diameter by several orders of magnitude is less obvious, and further studies of the scaling behaviour of different toughening mechanisms are required. It is possible both that the energy dissipation during fracture propagation due to familiar mechanisms such as pullout, crack deflection and crack bridging could be enhanced 37 between the matrix and the graphitic CNT surface.
Overview of CNT/inorganic matrix composite fabrication methods
In-situ growth of CNTs by chemical vapour decomposition (CVD)
One of the first studies on synthesis of CNT/ceramic composites (published in two parts) was authored by Peigney and co-workers 39, 40 Figure 3 (a) 41 . Although the CNTs are uniformly grown over the surface of the oxide particles, they do not end up uniformly dispersed through the volume of the final composite. On the other hand, the CNTs can be aligned using high-temperature extrusion, and the resulting materials exhibit a marked anisotropy of the electrical conductivity 45 . Interestingly, the CNTs apparently aid super-plastic forming of the composite material, an advantage attributed to inhibited matrix grain growth and grain boundary lubrication 45 . Related studies of the preparation of CNTs/alumina composites using the in situ method have been performed by An et al 49 & Lim et al 50 .
As discussed further below, the tribological properties were significantly improved by the presence of CNTs at the alumina grain boundaries (see Figure 3 (b)) 49 .
A highly ordered array of parallel MWCNTs in an alumina matrix was fabricated by Xia et al. [51] [52] [53] using a variant of the in-situ CVD method. The oxide support, in this case, was an amorphous nanoporous (anodised) alumina matrix with thickness 20μm and a hexagonal array of straight pores around 30-40nm in diameter;
Co or Ni metal particles were deposited within the pores in order to catalyse the CVD growth of MWCNTs up the pore walls, creating a highly ordered unidirectional CNT ceramic matrix composite 51 (see Figure 4) . The authors demonstrated that the nanocomposites exhibit the three hallmarks of toughening found in micron-scale fiber composites: crack deflection at the CNT matrix interface, crack bridging by CNTs, and CNT pull-out on the fracture surfaces. The same group also combined analytical and numerical models, using cohesive zone models for both matrix cracking and nanotube crack bridging, to interpret indentation results and evaluate the fracture toughness 52 and tribological behaviour 53 of the composites.
The in-situ formation of CNT by spray pyrolysis provides a simplified one-step embodiment of the CVD method, without a separate catalyst loading / preparation step.
In this case, a slurry of ferrocene (metal catalysts) and alumina nanoparticles in xylene (hydrocarbon source) is sprayed into a furnace at 1000 o C under Ar atmosphere 54 ; a similar reaction has also been explored using a SiC support 55 . The technique produces flake-like mixtures, with a heterogeneous distribution of CNTs, particularly in the through-thickness direction.
In general, the in-situ growth of CNTs in ceramic matrices is an attractive processing route to synthesise composites with reasonably distributed networks of CNTs.
It is relatively simple and scalable, and can be applied to a wide range of matrices, However, a number of difficulties remain to be resolved. Firstly, the synthesis process intrinsically involves the presence of metal catalysts and often leads to the deposition of amorphous carbon, particularly on the exposed oxide particle surfaces; these phases are generally undesirable in the final composite, but can be difficult to remove. Secondly, these in situ composites typically have relatively low density after sintering suggesting unfavourable interactions between
CNTs and the matrix materials; the network of CNTs at the oxide particle surface may then form a barrier to effective sintering and the CNTs are not readily distributed into the bulk. In this approach, there is little opportunity to manipulate the interface properties to improve the outcome; rather the interface properties remain highly dependent on the particular system. Although this type of microstructure, with the CNTs at the grain boundaries, may be beneficial for certain functional or processing-related properties, it is less appealing for straight-forward mechanical reinforcement.
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Powder processing
Powder processing methods are very commonly applied in ceramic systems and were the first techniques considered during the early stages of the CNT/ceramic composite fabrication. Results have usually shown that conventional powder processing is not an effective means to disperse CNTs homogenously in ceramic or glass matrices;
as in the case of the in situ methods discussed above, there is no driving force to distribute the CNTs from the powder particle surface into the bulk.
Powder processing is usually carried out by mixing raw CNTs and ceramic particles under wet conditions, followed by ultrasonication and/or ball milling; the dried powder is then crushed and sieved, and finally densified by hot-pressing. Powder processing has been applied to various composites systems including borosilicate glass 33, 63 , silicon nitride 64-69 alumina, 70, 71 , mullite 72 and silica 73 matrix composites containing different concentrations of CNTs (typically 1 -10 vol.%). These investigations have been of mixed success in terms of the quality of the microstructure homogeneity and properties achieved (see section 4).
Colloidal processing
There is a growing interest in using ceramic particles with similar diameters to the nanotubes to create an intimate dispersion. By adjusting the surface chemistry of the colloidal suspensions and selecting proper processing conditions, the nanoparticles can be encouraged to coat the CNTs. The coatings then screen the undesirable attractive interactions between the nanotubes, preventing agglomeration and facilitating the production of well-dispersed composites. It is worth noting that dispersion of CNTs is 14 established by manipulating the surface chemistry of the two phases during lowtemperature processing, and that this dispersion is then retained after sintering. The coating process is generally carried out by so-called heterocoagulation of nanoparticles.
The heterocoagulation occurs when two (usually electrostatically) stabilised suspensions (of CNTs and matrix particles) are mixed; by ensuring that the two sets of particles have opposite charge, the coating process can be encouraged.
Perfect CNTs are intrinsically inert with minimal surface charge; in practice, as- 83 . In general, the surface charge on both the CNTs and a given type of ceramic particle can be altered on demand by employing different organic surfactants or dispersants. On the whole the surfactants will be removed during sintering, however they do have the potential to introduce undesirable impurities, since the inclusion of CNTs precludes a strongly oxidising calcination step.
Sun et al 77 employed surfactants to encourage alumina particles to coat CNTs during a heterocoagulation process. The effective surface charge of both CNTs (modified with PEI) and alumina nanoparticles (modified with PAA) was established using zeta potential measurements. As expected, cationic type dispersants caused the isoelectric point (pH iep ) to move to a higher pH value, while anionic types move pH iep to lower values. A typical TEM image of heterocoagulated CNTs and alumina particles is shown in Figure 5 (a) 77 . The same group 79 also used acid-treated CNTs that were subsequently heat-treated in N 2 or NH 3 to remove the carboxylic functional groups; this treatment shifted the isoelectric point of the nanotubes to a higher pH value so that their positive surface charge would be maintained (in conjunction with the addition of PEI) over a much wider pH range. These modified CNTs were mixed with negativelycharged TiO 2 nanoparticles to produce heterocoagulated powder as shown in Figure 5 (b) 84 . Although the overall process appears successful, the individual SWCNTs were not, apparently, debundled. Figure 6 shows individual CNTs protruding from the fracture surface of a CNT/ SiO 2 composites produced by heterocoagulation and highlights the high microstructural homogeneity that can be obtained 95 . This simple approach can be extended to virtually any ceramic system by varying the pH and/or surfactant used to modify the surface properties during the processing phase. However, the CNT/matrix interaction in the resulting composites is likely to vary significantly; the measurement of the interfacial adhesion and its influence on composite properties have not yet been reported.
Sol-gel processing
Sol-gel processing methods provide an alternative route to creating an intimate dispersion of CNTs in inorganic matrices; here, the CNTs are dispersed in a molecular precursor (solution) which then undergoes a condensation reaction to generate a green body for subsequent consolidation. shown in Figure 7 .
The sol-gel method has also been used to synthesize well dispersed discrete composite rods of CNTs coated with a thin layer of silica 38, 80, 81 , titania 84 , and alumina 106 . Hwang et al. 80 have developed CNT/SiO 2 composite rods as reinforcing elements for CMCs. In principle, the approach provides a means of modifying the wettability and/or adhesion between CNTs and a chosen ceramic matrix, even after high temperature consolidation. Although the idea remains to be explored in detail, coatings of sol-gel silica on CNTs have been shown to improve the mixing quality of the CNTs with borosilicate glass powder 63 , and to provide a degree of thermal oxidation resistance even at 1200 o C in air 38 . within the die. The method contrasts with conventional hot-pressing in which the heat is provided by external elements 118 . SPS allows ceramic powders to be sintered at lower temperatures and for much shorter times than other sintering processes, and provides a means to control the kinetics of the various processes (densification, chemical reaction and grain growth) that are usually involved during the entire sintering cycle. The short sintering time and low temperatures help to minimise grain growth and offer higher cost-effectiveness and productivity. They also minimise CNT loss, leading to a remarkable improvement in the mechanical properties of eventual CNT/ceramic composites.
Electrophoretic deposition
Advanced consolidation techniques
Balazsi et al. 66 compared the effectiveness of SPS to conventional hot isostatic pressing for silicon nitride composites reinforced with 6 wt.% MWNTs. As can be seen in Figure 10 , fully dense samples with improved mechanical properties were achieved at comparatively lower sintering temperatures by using SPS 66 . The effectiveness of SPS is not only that samples are fully densified, but also that CNTs are retained in the 20 composites. Samples with higher densities showed higher modulus as well as higher hardness and fracture toughness. Similar results have been obtained on introducing SWCNTs into alumina by SPS 70, 71 ; apparently undamaged CNTs were incorporated at the grain boundaries, resulting in improved fracture toughness and bending strength (although see below for discussion). where E and H are Young's modulus and hardness, respectively, P is the applied load, c is the radial crack length, and  is an empirical constant which depends on the geometry of the indenter. For a cube-corner indenter  =0.04 and for a Vickers indenter  =0.016 119 . The basic concept is that the crack length at a given load is an indication of the toughness of the tested material (shorter cracks occur in tougher materials).
Mechanical properties and possible toughening mechanisms
Results from Wang et al. 120 Many of these more recent SENB studies continue to suggest improvements in toughness, although perhaps at a more modest level. Yamamoto et al. 90 , for example, compared SENB and indentation measurements on 0.9 vol.% acid-treated MWCNT/alumina composites produced by SPS. They observed classical radial cracks and CNTs crack-bridging. However, the indentation toughness was significantly higher at 6.64MPa.m 1/2 (+41%) than the SENB value of 5.90MPa.m 1/2 (+25%). However, the reasons for this discrepancy were not discussed by the authors 90 . The small number of samples, and especially the small range of, or even single, loading fraction used in the majority of these studies, makes it difficult to isolate the effects of the nanotubes from changes in microstructure or processing. The problem may be particularly acute in glass-ceramics where nucleation effects are likely to be important. Katsuda et al. of 40% (60.51GPa) and 160% (2.74MPa.m 1/2 ), respectively for the 10vol% CNT system 92 . In contrast, borosilicate glass composites containing modified-MWNTs, produced using a sol-gel method, were sintered at lower temperatures without inducing 25 crystallisation (see Figure 7 ) 100 . A high quality CNT dispersion was maintained at loading fractions below 3 wt%, by using a siloxane coupling agent, and correlated with modest improvements in strength, stiffness, and thermal conductivity; however, properties declined above 3wt% as agglomeration set-in 100 . As noted in the introduction, this behaviour is quite typical of nanocomposites in general.
As well as direct mechanical enhancement of strength, stiffness or toughness, a number of workers have investigated the tribological properties of CNT/ceramic matrix composites. An et al. 49 fabricated MWCNTs/alumina composites by CVD in-situ growth and hot-pressing. It was hown that microhardness increases with increasing CNT content up to 4 wt.% whilst the wear loss decreases; however, further additions of CNTs negatively affect both hardness and wear resistance. The tendency for the improvements to be limited to low loading fractions is a familiar phenomenon in both CNT/polymer systems and nanocomposites more widely. The reason is usually the onset of agglomeration as it becomes increasingly difficult for the matrix to cover the high surface area introduced by the nanofiller; alternatively, initial improvements can be associated with changes in the matrix microstructure that do not scale with the introduction of additional filler material 27 . In the work of An et al. 49 the improved wear properties were attributed to the increase in hardness and a decrease in friction coefficient, due to the lubricating properties of the CNTs. The lubrication may arise both from the graphitic nature of the CNTs (and their debris) and, potentially, from the rolling of CNTs at the interface between the specimen and the ball (counter body). On the other hand, the increase in hardness was related mainly to a reduction of the matrix grain size with the inclusion of CNTs. This observation highlights the common difficulty of separating the intrinsic effects due to the presence of CNTs from the 26 processing-related changes in matrix microstructure that they induce. The influence on processing often dominates over any intrinsic mechanical effects, due to the relatively modest loading fractions accessible in well-dispersed systems. Low CNT volume fractions have relatively little impact on average properties, but the associated high surface area, network-forming behaviour, and often heterogeneous distribution at grain boundaries can strongly influence processing issues relating to viscosity, nucleation, and grain boundary effects. Work on sol-gel derived glasses 100 avoids some of these issues and does indicate improvements in stiffness and hardness due to the presence of low loadings of well-dispersed CNTs; however, the effects once again saturate, as CNT agglomeration starts at around 3wt% CNT loadings. found to be about two orders of magnitude more creep-resistant than a pure alumina control with about the same grain size (~0.5μm) 133 . This improvement is attributed to partial blocking of grain-boundary sliding by SWCNTs in the composites, which is the dominant creep deformation mechanism in monolithic alumina.
Overall, the review of the literature has indicated that research focussing on the mechanical performance of CNT/inorganic matrix composites is at a relatively early stage; the reports of modest improvements in mechanical properties do not, for the most part, provide clear evidence linking the quantitative performance data to the actual mechanisms involved. For toughening, CNT pull-out is often claimed as the energydissipating mechanisms, but SEM images usually show relatively few CNTs emerging from the composite fracture surfaces. Further work relating properties to mechanism is clearly required; in the meantime it is interesting to consider how traditional toughening mechanisms may scale as the fibre diameter shrinks into the nanoscale.
Assuming that standard short fibre theory applies, the energy absorbed by pulling out one fibre (ΔU) is given by 134 :
where r is the fibre radius, L is the fibre length, and τ i is the sliding shear stress. 
Functional properties of CNT-composites
In view of the outstanding thermal and electrical properties of CNTs, there have been several investigations focussing on the functional properties of CNT-reinforced inorganic matrix composites, including electrical and thermal conductivity. A summary of these results is presented in Table 2 . Percolation theory relates a sudden change in a macroscopic property (such as electrical conductivity) to the development of a continuous network structure, at a critical percolation threshold. Around the threshold, the property (e.g. electrical conductivity) can be related to the concentration by a scaling law such as:
where  c is the conductivity of the composite,  is the volume fraction of CNTs in the composite,  c is the critical volume fraction or percolation threshold, and  0 and t are fitted constants related to the intrinsic electrical conductivity of the CNTs and the dimensionality of the system, respectively 136 .
Electrical percolation of CNTs in an electrical insulating ceramic was studied for the first time by S Rul et al 48 a given loading fraction, the electrical conductivity of CNT loaded systems tends to be one to two orders of magnitude higher than that of carbon black composites, due to the higher intrinsic conductivity of CNTs and the much higher connectivity of the network.
Peigney et al 45 also investigated anisotropic electrical conductivity in SWCNTs/Fe/Co-MgAl 2 O 4 composites following extrusion. As expected, the conductivity in parallel direction to the extrusion direction was much higher (by a factor of approximately 30) than that measured in the transverse direction, providing evidence of preferential alignment of the CNTs following extrusion; similar effects are wellknown in polymer systems 36 . The anisotropy of the electrical conductivity was also studied in MWCNTs/alumina composites where CNT alignment was induced by DC 31 electric fields 126 . The results showed a difference of about seven orders of magnitude between the electric conductivities in longitudinal (6.2 x 10 -2 S/m) and transverse (6.8 x 10 -9 S/m) directions. It is worth noting that, for a given aspect ratio, alignment of fibres actually increases the percolation threshold 141 .
Relatively few studies have explored thermal conductivity; a strong percolation behaviour is not expected as there are, at most, only two to three orders of magnitude difference between the thermal conductivity of the CNTs and the inorganic matrix. 
Future work and conclusions
The present review of CNT reinforced inorganic matrix composites describes the latest processing techniques developed to improve the mechanical and functional properties of CNT-reinforced ceramics and glasses. These techniques have gradually provided better and more consistent properties compared to traditional powder processing methods. However, further improvements in processing techniques are still required in order to develop high quality samples in sufficient quantities for reliable property determination, particularly of fracture toughness. The relationship between the nanocomposite structure, the properties, and the active toughening mechanisms remains to be established. Moreover, in order to fully exploit the reinforcing ability of CNTs, it is clear that several critical issues remain to be solved, including: i) homogeneous dispersion of CNTs in the matrix system, ii) optimisation of the interfacial bonding between CNTs and adjacent matrix, and iii) development of novel consolidation methods/conditions that do not lead to CNT damage. In addition, higher quality CNTs, with intrinsic properties approaching the theoretical limit, are needed in sufficiently large volumes and purities for application in novel composite systems. The relationship of the toughening mechanisms to the wide variety of structural parameters associated with CNTs must also be established. Systematic studies exploring the impact of CNT dimensions, crystallinity, straightness, entanglement, internal structure and concentration will be needed in order to establish the 'ideal' nanotube for a given system or application.
On the other hand, many argue that the real value of CNTs lies in their range and breadth of properties, which include mechanical, electrical and thermal properties.
These properties provide additional benefits when incorporating CNTs in ceramic and glass matrices, which enable the development of multifunctional structural materials with a relatively low concentration of CNTs. It is worth remembering that the small size of CNTs allows them to be incorporated where conventional fibre reinforcements cannot be accommodated, for example in thin and thick films, coatings, foams and in the matrix of conventional fibre composites. This concept has begun to be exploited in the polymer systems but remains to be explored using inorganic matrices.
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Figure 1 SEM images of fracture surfaces of (a) agglomerated CNTs in a borosilicate glass matrix 33 , and (b) homogeneously dispersed CNTs in a silica matrix (individually pull-out CNT segments can be observed which may relate to possible toughening mechanisms) 34 . (Permission to publish these images has been requested) (Permission to published these images has been requested) 
